Introduction
============

The field of topologically sophisticated molecules and molecular motions has been the focus of renewed attention since the awarding of the Nobel Prize of chemistry to Sauvage, Stoddart, and Feringa.[@cit1] Following the first templated synthesis of a catenane[@cit2] up until the design of devices utilizing molecular shuttles,[@cit3] lessons were learned about both the synthetic methods available to make sophisticated molecular scaffolds,[@cit4],[@cit5] and the design of properties related to molecular motions. Molecular motions in catenanes and rotaxanes have been the focus of attention for decades[@cit6]--[@cit10] and theoretical investigations correlated to experiments are progressively shining light on the dynamic behavior in rotaxane structures.[@cit11]--[@cit13] Several methods, such as cation,[@cit14] anion[@cit15] or guest binding,[@cit16] pH changes,[@cit17] redox stimuli,[@cit18],[@cit19] solvents changes[@cit20],[@cit21] and light irradiation[@cit22]--[@cit24] have been envisioned to trigger motion mostly in rotaxanes. In designing molecular shuttles powered by light, inspiration is taken from nature, which uses porphyrin derivatives in chloroplasts as light harvesters and electron donors.[@cit25]

Interest in interlocked photodyads has evolved over the years after initially focusing on the effects of the peculiar topology on the rate of charge separation (CS) and charge recombination.[@cit7] Combining porphyrins with C~60~, which is one of the best-known organic electron acceptors, has led to a plethora of electron donor--acceptor systems.[@cit26] In short, the interest in fullerene-based electron donor--acceptor systems arises from the small reorganization energy of fullerenes in electron transfer reactions. As a result, back electron transfer (BET) occurs in the Marcus inverted region and, thus, leads to long-lived charge-separated states (CSS).[@cit27] The drawback of simple, two-component, electron donor--acceptor components is that BET is usually fast. By introducing additional electron donors and/or acceptors, it is possible to achieve multi-step electron transfer reactions that lead to longer-lived charge-separated state (CSS).[@cit28] Many such systems have been reported.[@cit29],[@cit30] The disadvantage of large systems is that evaluating the deactivation pathways is non-trivial and undesired deactivation pathways are likely added as well.

These considerations led to the approach of constructing interlocked structures with a scaffold containing fullerenes and porphyrins.[@cit31] On many occasions, porphyrins and fullerenes have been utilized as stoppers in pseudorotaxanes or catenanes, but only in very few cases in rotaxanes. In none of the rotaxane cases does the photoactive porphyrin constitute the shuttle, which moves along the axle.[@cit32]--[@cit34] The current work is a step-change as it describes the preparation and the properties of a rotaxane containing a strapped porphyrin as the ring and a fullerene stopper at the end of a mobile dumbbell. The photophysical properties of the two rotaxanes, that is, **1** and **1Zn**, in which the dumbbell bears a fullerene derivative as electron acceptor and the rings respectively comprise a free-base porphyrin (H~2~P) or a zinc porphyrin (ZnP) as the photosensitizer, are compared. In the H~2~P-based rotaxane **1**, the dumbbell is likely to glide freely within the ring. In the presence of zinc in, for example, the porphyrin-based rotaxane (**1Zn**), the position of the dumbbell is fixed by metal--ligand coordination and can be perturbed by the use of coordinating ligands. The variation in the lifetime of the charge-separated state provides a means of detecting the gliding of the dumbbell within the strapped porphyrin ring. This work provides, to the best of our knowledge, the first example of photoactive rotaxanes in which the directional or random motion of the shuttle is triggered by an intramolecular photoinduced charge transfer. Past work was mainly based on intermolecular rather than intramolecular charge transfer, either electrochemical or photochemical. As such, the use of light enables control over energy or charge transfer processes.[@cit6],[@cit35]--[@cit38]

Results and discussion
======================

Synthesis
---------

The rotaxanes studied in this work were prepared according to [Scheme 1](#sch1){ref-type="fig"}, using a recently reported tandem active metal templated copper alkyne--azide cyclization (CuAAC) reaction, in which zinc and copper promote the formation of dumbbells within a phenanthroline-strapped porphyrin.[@cit39] Azide stopper **2**,[@cit40] fullerene derivative **3**,[@cit41] and phenanthroline-strapped porphyrin **4Zn**,[@cit42],[@cit43] were synthesized according to reported methods. Compounds **3**, **4**, and **4Zn** also served as references for the photophysical studies. To prepare the free base rotaxane, first the copper([i]{.smallcaps})--phenanthroline complex of the strapped porphyrin **4Zn** was generated *in situ*. Reaction of this complex with azide **2** and acetylene **3**, followed by removal of both the copper and zinc ions using EDTA and then CF~3~CO~2~H, afforded free base rotaxane **1** in 48% yield. The removal of both metals from the rotaxane facilitated the purification step. The porphyrin was subsequently remetallated with zinc([ii]{.smallcaps}) acetate to provide rotaxane **1Zn**.

![Synthesis of the studied compounds.](c8sc05328f-s1){#sch1}

Steady-state absorption and fluorescence
----------------------------------------

Absorption experiments were conducted with Zn-tetraphenylporphyrin (ZnTPP) as reference. To determine extinction coefficients, steady-state absorption spectra were measured in a concentration range from 10^--8^ to 10^--6^ M to prevent aggregation, on one hand, and to stay within the boundaries of the Lambert--Beer law, on the other hand ([Fig. 1](#fig1){ref-type="fig"}).

![Steady-state absorption spectra of **1Zn** (red) and ZnTPP (blue) in toluene. Inset: Normalized Soret absorption bands to highlight the red-shifted absorption.](c8sc05328f-f1){#fig1}

The absorption spectra of **1Zn** in toluene reveal the typical porphyrin features including a Soret-band absorption at ∼420 nm and two Q-band absorptions at ∼550 and 590 nm. In addition, in the UV region below 400 nm, absorptions of the fullerene and the phenanthroline strap are discernable. Overall, all of the porphyrin absorption features are red-shifted by up to 5 nanometers in **1Zn** relative to the ZnTPP reference. This shift is due to the complexation of triazole of the axle by the Zn-center leading to its penta-coordination.[@cit43]--[@cit47] The extinction coefficient of the Soret-band is in the range of 10^5^ M^--1^ cm^--1^. For **1**, absorption patterns typical of H~2~TPP were observed in the visible region of the spectrum. Like what was seen for **1Zn**, high energy absorptions (\<400 nm) stem from C~60~ and the phenanthroline strap (see ESI,[†](#fn1){ref-type="fn"} Fig. S1).

Only negligible impact is seen in the absorption spectra of **1Zn** in benzonitrile or in toluene, to which 500 equivalents of pyridine were added. Here, the additional red-shift is just 0.5 nm. Notably, in pyramidal, penta-coordinated ZnP-complexes, the Zn-center is known to be displaced out of the porphyrin plane towards the ligand.[@cit44]--[@cit48] In turn, the Zn-center in **1Zn** is not accessible from the top-side and strongly sterically encumbered from the bottom-side. The top-side is blocked by an overall steric hindrance stemming from the phenanthroline strap and the axle. The bottom-side lies within the inverted pyramid. Both effects result in very small binding constants for the hexa-coordination of the Zn-center.

In the steady-state fluorescence experiments, porphyrin fluorescence quantum yields of 0.0009, 0.0054, and 0.0014 for **1Zn** in toluene, chlorobenzene, and benzonitrile, respectively, indicate a nearly quantitative quenching. In comparison to reference **4Zn**, the quenching is as high as 0.97 in the aforementioned solvents. At this point, we infer the activation of non-radiative deactivation pathways, such as charge separation in **1Zn**, which are absent in the ZnP reference. The same picture emerges for **1** (see ESI,[†](#fn1){ref-type="fn"} Table S1).

Electrochemistry and thermodynamic driving forces
-------------------------------------------------

Square wave voltammetry was performed on **1Zn** in *ortho*-dichlorobenzene (*o*-DCB) with 0.1 M tetrabutylammonium perchlorate as supporting electrolyte. In the potential window of *o*-DCB, *e.g.* from --2.50 to 1 V *vs.* Ag/AgNO~3~, three fullerene reductions were discernable at --2.08, --1.52, and --1.16 V. In addition, the porphyrin was oxidized at +0.21 and 0.67 V and reduced at --1.69 V (see ESI,[†](#fn1){ref-type="fn"} Fig. S2).

By combining the results from the steady-state spectroscopy and electrochemistry, the thermodynamic driving forces for charge transfer, *e.g.* charge separation and charge recombination, were calculated. The absorption and fluorescence data were used to derive the singlet excited state energy of **1Zn** as 2.09 eV. The energy of the charge-separated state was calculated using the first porphyrin oxidation and the first fullerene reduction of **1Zn**. Implicit in the difference between these values is the driving force for the charge separation from the excited state. The only correction required was for the dielectric constant of the medium as described in the literature;[@cit49] results are presented in [Table 1](#tab1){ref-type="table"}. For the free base rotaxane **1**, analogous calculations and results are listed in the ESI,[†](#fn1){ref-type="fn"} Fig. S3 and Table S2.

###### Calculated driving forces for charge separation and charge recombination to ground state and/or triplet excited state of **1Zn**---the dielectric constants were taken from [@cit50]

  Solvent   ε~S~   Δ*G*~CS~ in eV                                 Δ*G*~CR-GS~ in eV                              Δ*G*~CR-^3^C~60~~ in eV   Δ*G*~CR-^3^ZnP~ in eV
  --------- ------ ---------------------------------------------- ---------------------------------------------- ------------------------- -----------------------
  Tol       2.38   --0.16[^*a*^](#tab1fna){ref-type="table-fn"}   --1.93[^*a*^](#tab1fna){ref-type="table-fn"}   --0.43                    --0.4
  PhCl      5.62   --0.67                                         --1.42                                         0.08                      0.11
  PhCN      25.2   --0.96                                         --1.13                                         0.37                      0.4

^*a*^The dielectric continuum model, which was employed to calculate the driving forces, overestimates the influence of low polarity solvents.

The triplet excited state energies of both the Zn-porphyrin and the fullerene, with values of 1.53 or 1.50 eV, respectively,[@cit51] are higher in energy than the calculated energy of the ZnP˙^+^--C~60~˙^--^ charge-separated state in **1Zn** in chlorobenzene and benzonitrile. As such, charge recombination is expected to populate the ground state rather than a triplet excited state. In toluene, however, the triplet excited state of the fullerene is observed as a product of charge recombination (*vide infra*), as the charge-separated state is increased in energy. In **1**, the charge-separated state is sufficiently high in energy to populate either the triplet excited state of C~60~ or that of H~2~P (see Table S2, ESI[†](#fn1){ref-type="fn"}), and accordingly, charge recombination results in these states as the predominant pathway of deactivation.

Transient absorption spectroscopy
---------------------------------

Two different experimental setups were used to photoexcite the porphyrins at their Soret-band absorptions at either at 420 or 430 nm. First, time delays between 0 and 6000 ps and a time resolution of 150 fs were employed; second, time delays between \<1 ns and 400 μs and a time resolution of ∼1 ns were used.

In the ZnTPP reference, the second singlet excited state is formed instantaneously as demonstrated by its characteristic transient maxima at 450 and 580 nm as well as a broad absorption from 600 to 700 nm. All of the aforementioned were accompanied by bleaching of Q-band absorptions at 555 and 595 nm. Internal conversion (IC) with 5 × 10^11^ s^--1^ and intersystem crossing (ISC) with 5 × 10^8^ s^--1^ to the first singlet excited state and the triplet excited state, respectively, constitute the deactivation pathways following the initial excitation. Spectral characteristics of the first singlet excited state are transient maxima at 450, 580, 620, 700 and 1260 nm, accompanied by transient minima at 555, 600 and 660 nm. The minima are due to ground state bleaching and stimulated emission. For the triplet excited state, the following features were observed: a maximum at 470 nm, ground state bleaching at 555 and 595 nm, and a broad and featureless absorption across the visible regions, with an 840 nm maximum.

Based on the thermodynamics of **1Zn**, charge separation should afford the one-electron oxidized porphyrin (ZnP˙^+^) and the one-electron reduced fullerene (C~60~˙^--^), in addition to the deactivation cascade seen in the ZnTPP reference. Population of the second singlet excited state ^1^\*\*ZnP is followed by IC to the first singlet excited state ^1^\*ZnP, from where the further reaction steps occur. The corresponding excited state deactivation pathways are summarized in [Fig. 2](#fig2){ref-type="fig"}.

![Summary of the deactivation pathways for photoexcited **1Zn** in toluene (bold bars). Lower CSS energies for chlorobenzene and benzonitrile indicated by dashed bars. Minor pathways are indicated by dashed lines.](c8sc05328f-f2){#fig2}

Of relevance for the analysis are the fingerprint features of the one-electron oxidized porphyrin (ZnP˙^+^) and the one-electron reduced fullerene (C~60~˙^--^), with peaks at 410 and 1010 nm respectively,[@cit52]--[@cit54] where neither contributions from the porphyrin nor the fullerene excited states render the kinetic analyses ambiguous. The analysis of the transient absorption spectra was conducted with global target analysis (GTA), taking into account the aforementioned spectral and kinetical observations and calculated energetics. GTA was performed *via* GloTarAn,[@cit55] a graphical user interface for the statistics package TIMP[@cit56] for R, which is especially designed for analyzing multiway spectroscopic data. Importantly, solvents of different polarity, *i.e.*, toluene, chlorobenzene, and benzonitrile, were used. For the first two solvents, a four-species model was sufficient to fit the experimental data, whereas in benzonitrile a five-species model was necessary, which will be rationalized hereafter.

Even from the contour plots across the 400 to 1200 nm range at time delays up to 100 μs, it is evident that the 410 nm fingerprint of the one-electron oxidized porphyrin (ZnP˙^+^) and the 1010 nm fingerprint of the one-electron reduced fullerene (C~60~˙^--^) show vastly different lifetimes in apolar toluene ([Fig. 3](#fig3){ref-type="fig"}) and polar benzonitrile ([Fig. 4](#fig4){ref-type="fig"}). Concomitant with the decay of theZnP˙^+^ and C~60~˙^--^ signatures at 410/450/650 and 1010 nm, respectively, is the population of the C~60~ triplet excited state in the form of the 700 nm fingerprint (also see ESI,[†](#fn1){ref-type="fn"} Fig. S4). Based on the intensity of this signal, the quantum yield of ^3^\*C~60~ is estimated to be 20% in toluene, around 5% in chlorobenzene, and 0% in benzonitrile. The time absorption profiles at 410 and 1010 nm provided in [Fig. 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"} clearly depict the dynamics of the charge recombination processes. A clear monoexponential formation of the charge-separated state was observed---in all solvents and in all solvent combinations (see ESI,[†](#fn1){ref-type="fn"} Fig. S30--S39).

![Contour plot of transient absorption measurements of **1Zn** in toluene---please note the detector change at around 900 nm and the probe fundamental at around 1064 nm.](c8sc05328f-f3){#fig3}

![Contour plot of transient absorption measurements of **1Zn** in benzonitrile---please note the detector change at around 900 nm and the probe fundamental at around 1064 nm.](c8sc05328f-f4){#fig4}

![Time traces (dots) and the corresponding fits derived from GTA (lines) of the ZnP˙^+^ signal of **1Zn** in toluene and benzonitrile. Bottom: fit residuals.](c8sc05328f-f5){#fig5}

![Time traces (dots) and the corresponding fits derived from GTA (lines) of the C~60~˙^--^ signal of **1Zn** in toluene and benzonitrile. Bottom: fit residuals.](c8sc05328f-f6){#fig6}

A closer look at the decay curves reveals that the charge-separated state (ZnP˙^+^--C~60~˙^--^) decay is biphasic in benzonitrile with a short-lived (\<1 ns) and a long-lived (∼280 ns) component. In contrast, the decay is mono-phasic in toluene, with a lifetime that is longer than the short-lived component in benzonitrile. All the excited/charge-separated state lifetimes for **1Zn** are listed in [Table 2](#tab2){ref-type="table"}; those for **1** are provided in the ESI,[†](#fn1){ref-type="fn"} Table S3.

###### Summary of excited state lifetimes determined by means of GTA for **1Zn** in various solvents

  Lifetimes of observed species   Toluene                                     Toluene + pyridine                          Chlorobenzene                               Chlorobenzene + pyridine                    Benzonitrile
  ------------------------------- ------------------------------------------- ------------------------------------------- ------------------------------------------- ------------------------------------------- -------------------------------------------
  ^1^\*\*ZnP--C~60~/ps            0.44                                        0.59                                        1.14                                        ---[^*a*^](#tab2fna){ref-type="table-fn"}   0.64
  ^1^\*ZnP--C~60~/ps              20.8                                        28.2                                        25.5                                        24.5                                        26.4
  ZnP˙^+^--C~60~˙^--^~short~/ns   12.8                                        1.77                                        2.84                                        2.42                                        0.76
  ZnP˙^+^--C~60~˙^--^~long~/ns    ---[^*a*^](#tab2fna){ref-type="table-fn"}   9.42                                        ---[^*a*^](#tab2fna){ref-type="table-fn"}   256                                         278
  ZnP--^3^\*C~60~/μs              16.4                                        12.7                                        13.3                                        14.2                                        ---[^*a*^](#tab2fna){ref-type="table-fn"}
  ^3^\*ZnP--C~60~/μs              ---[^*a*^](#tab2fna){ref-type="table-fn"}   ---[^*a*^](#tab2fna){ref-type="table-fn"}   200                                         166                                         164

^*a*^State not observed.

In other words, in toluene a short-lived charge-separated state is formed, which then deactivates *via*^3^C~60~ to the ground state, whereas in benzonitrile, an additional long-lived charge-separated state, accounting for approximately 10% of the amplitude of the fingerprints, is registered (also see ESI,[†](#fn1){ref-type="fn"} Fig. S5). A rationale for the short-lived component is based on the Marcus theory for electron transfer, in which lowering the energy of the charge-separated state in benzonitrile relative to toluene goes hand-in-hand with a faster deactivation. A similar consideration fails, however, to explain our observation of the long-lived component in benzonitrile.[@cit57] The coexistence of singlet and triplet CSS as a means to rationalize the short- and long-lived components is ruled out, as CS implies the conservation of spin.[@cit58] Alternatively, CS from the triplet excited states of ZnP or C~60~ to form a triplet CSS would be energetically feasible in benzonitrile (see [Table 1](#tab1){ref-type="table"}). However, the population of the triplet excited states of either ZnP or C~60~ is negligible due to the highly efficient CS starting from the ZnP singlet excited state. Even an interconversion between singlet CSS and triplet CCS is unlikely. In short, any of the aforementioned pathways toward a triplet CSS are unlikely to play a role.

An alternative scenario, namely a change in electron donor--acceptor distance, must be considered. In particular, an increased spatial separation[@cit59] between electron donor and acceptor is likely induced by a movement of the porphyrin away from the fullerene *via* shuttling along the rotaxane\'s axle. Theoretical calculations reveal that the resulting difference in electron donor acceptor distance (edge to edge) is up to \>8 Å (see ESI,[†](#fn1){ref-type="fn"} Fig. S9). Coordination of the Zn-center constitutes a bottleneck. For example, triazole of the axle is likely to form a coordination bond with the Zn-center, which, in turn, locks the position of the porphyrin close to the triazole---*vide infra*. Coordinating solvents such as benzonitrile are unlikely to trigger shuttling along the rotaxane axle because, in the ground state, simultaneous coordination of triazole and benzonitrile or even displacement of triazole by benzonitrile is highly unlikely.[@cit60] In stark contrast, oxidation of ZnP by means of charge separation results in a notable distortion of the ZnP scaffold, for which either S~4~-saddle or D~2~-ruffle geometries are reported.[@cit61],[@cit62] Oxidation also renders ZnP more electron deficient and more electrophilic.[@cit63] Distortion of the ZnP scaffold facilitates the bottom-side attack on the Zn-center. Both of these facts lead to a scenario in which de-coordination of the weak electron donating triazole and subsequent coordination of a more electron donating solvent molecule[@cit64] is favored. In other words, the ZnP shuttle becomes mobile along the axle only after its oxidation by means of a photoinduced charge transfer, and in the presence of a coordinating agent.[@cit65]

The presence of 10^--3^ M pyridine in the toluene solution of **1Zn** (5 × 10^--5^ M) induces the same effects that were discussed for benzonitrile. Most notably, two lifetimes were observed for **1Zn** (see Fig. S10--S12, ESI[†](#fn1){ref-type="fn"}). However, the first lifetime, contributing to at least 90% of the signal amplitude, is drastically shortened, whereas the other remains comparable to that in toluene in the absence of pyridine.

This implies that, once the shuttle is mobile, the solvent polarity controls the directionality of the shuttling along the axle. In apolar toluene and in the presence of coordinating pyridine, the one-electron oxidized porphyrin (ZnP˙^+^) is drawn directionally towards the one-electron reduced fullerene (C~60~˙^--^). This leads to a drastically faster charge recombination of 1.7 ns as a major component and a nearly unchanged charge recombination of 9.42 ns as a minor component (indicating the fraction of **1Zn** where the porphyrin remains anchored to the triazole). In polar benzonitrile, the solvent polarity is high enough to allow for random motion along the axle, *i.e.* decreasing and/or increasing the electron donor--acceptor distance. The largely decreased charge recombination of 278 ns cannot be explained by just the Marcus theory of charge transfer without considering an increased electron donor--acceptor separation. In contrast, the faster charge recombination of 0.76 ns is even shorter than that found in toluene when pyridine is present and is easily rationalized by the Marcus theory for charge transfer with dynamics that are placed in the inverted region of the Marcus parabola---see [Table 1](#tab1){ref-type="table"}. Implicit are the same short distances between the one-electron oxidized porphyrin (ZnP˙^+^) and the one-electron reduced fullerene (C~60~˙^--^) as postulated in toluene.

To confirm our hypothesis, reference experiments were conducted with free base porphyrin rotaxane **1** (ESI,[†](#fn1){ref-type="fn"} Fig. S16--S29). Despite the fact that the driving forces for charge separation (see Table S2[†](#fn1){ref-type="fn"}) are up to 0.4 eV smaller in **1** than in **1Zn**, charge separation (see Table S3[†](#fn1){ref-type="fn"}) is slowed down by only a few ps. Notably, the lack of a coordinating Zn-center in **1** leaves the shuttle free to move along the axle. A combination of π--π and charge transfer interactions, to name just a few, results in short electron donor--acceptor distances rather than large ones. In turn, charge separation and recombination are both accelerated.[@cit66] The triplet quantum yields correlate well with the underlying driving forces (Table S2, ESI[†](#fn1){ref-type="fn"}). However, solvent variation does not induce multiple CSS components in the excited state deactivation of **1**. This is quite different from the observations for **1Zn**. In other words, no triggered release of the porphyrin shuttle is possible in **1** due to its lack of a coordinating metal center.

Structural investigations
-------------------------

Considering the lifetime differences and the observation of a long-lived charge-separated state for **1Zn** in the presence of coordinating solvents, the influence of the latter was investigated. The location of the dumbbell with respect to the porphyrin in the presence of a coordinating solvent (10% pyridine-*d*~5~ in benzene-*d*~6~) and of a non-coordinating solvent (benzene-*d*~6~) was deduced from 1D- and 2D-(^1^H-NMR) studies (see ESI,[†](#fn1){ref-type="fn"} Fig. S40--S53). [Fig. 7](#fig7){ref-type="fig"} depicts the postulated structures in solution.

![Comparison of the chemical shifts and position of the dumbbell of **1Zn** in benzene-*d*~6~ (bottom left) and in benzene-*d*~6~ + 10% pyridine-*d*~5~ (bottom right).](c8sc05328f-f7){#fig7}

In benzene-*d*~6~, the triazole subunit of **1Zn** is coordinated to the Zn-center and stabilized by a hydrogen bond of the triazole with the nitrogen atoms of the phenanthroline, as indicated by the downfield location of the triazole proton H~i~ at 9.82 ppm. In the presence of 10% pyridine-*d*~5~, which binds to the Zn-center opposite to the triazole, the triazole is relocated and sits outside of the phenanthroline pocket. Still, it is above the shielding cone of the porphyrin as seen by the upfield shift of H~i~ to 4.92 ppm. Deshielding of H~8~ and H~9~ corroborated that the triazole does sit outside of the phenanthroline pocket in pyridine-*d*~5~. In benzene-*d*~6~, these two protons are discernable at higher fields due to the influence of the triazole ring current.

Major differences of the chemical shifts also evolved for the alkyl protons. A coordinating solvent significantly affects the positioning of the dumbbell\'s propyl chain relative to the strapped porphyrin. [Fig. 7](#fig7){ref-type="fig"} summarizes all the relevant chemical shifts stemming from the **1Zn** protons in benzene-*d*~6~ and in a mixture of 10% pyridine-*d*~5~ in benzene-*d*~6~.

Compared to their chemical shifts in benzene-*d*~6~, the alkyl protons H~f~ and H~h~ are strongly shielded and appear as diastereotopic protons in the presence of pyridine-*d*~5~. In contrast, H~g~ protons are deshielded in pyridine-*d*~5~. Taking the aforementioned into account implies that in the presence of a coordinating solvent the propyl chain is positioned above the porphyrin with possible hydrogen bonding interactions between H~g~ and the phenanthroline nitrogen atoms. With respect to the position of the dumbbell, when a coordinating solvent is present, it is similar to what has been derived from the crystal structure (see ESI,[†](#fn1){ref-type="fn"} Fig. S54) for an analogue of **1Zn** featuring two triaryl stoppers.

By correlating the observations made in the NMR studies with the results of the photophysics, the following conclusions are reached. In solution, shuttling in **1Zn** is enabled by either coordinating solvents or a coordinating additive. Oxidation induces a distortion of the porphyrin scaffold and, in turn, facilitates easy access to the Zn-center. This consequently induces triazole-decoordination from the Zn-center as a starting point for directional or random shuttling in apolar or polar solvents, respectively.

Conclusions
===========

In this work on rotaxanes comprising a strapped-porphyrin as a ring molecule and a dumbbell bearing one fullerene stopper, coordination forces are crucial for the excited state behavior. Distinct differences in the lifetime of the charge-separated state and the presence of more than a single lifetime were observed in **1Zn**. Here, the coordinating properties and the polarity of the solvent have the strongest impact. For example, in apolar, non-coordinating toluene, a single lifetime was found for the charge-separated state, whereas in polar, coordinating PhCN, a short-lived and a long-lived charge-separated state evolved. In toluene and PhCl, these effects were also induced when a coordinating species, such as pyridine, was added to **1Zn**.

Depending on the solvent polarity, the shuttling is either directional or random. In apolar toluene and in the presence of pyridine, Coulombic interactions in the ZnP˙^+^--C~60~˙^--^ radical ion pair dominate and, in turn, force a close proximity between the oxidized porphyrin and the reduced fullerene. This sets up the means for a directional molecular shuttling, which results in a drastically reduced lifetime of the charge-separated state. In highly polar benzonitrile, shuttling is random and allows the fullerene anion to move further away from the porphyrin radical cation in **1Zn**. This enables the system to overcome the barrier of Coulombic attractions. As such, larger porphyrin-to-fullerene distances go hand-in-hand with a longer lifetime of the charge-separated state in a high-polarity coordinating solvent relative to that in either non-coordinating solvents or low-polarity solvents. Independent confirmation of our hypothesis came from the absence of a longer and/or a shorter-lived charge-separated state in the presence of a coordinating solvent in analogous experiments with **1**, which features a strapped free-base porphyrin, without porphyrin--triazole interactions, rather than a zinc porphyrin.

Our results emphasize the importance of coordination interactions and their modulation in the excited state of a zinc-porphyrin rotaxane. To gain further insight, rotaxanes with longer, more rigid axles, which should enhance the effects on the distribution of lifetimes, are currently being designed and studied in our laboratories. Finally, a porphyrin with a metal center that binds pyridine more strongly than zinc, such as rhodium, could exhibit interesting behavior.
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